Direct dielectric heating with radio-frequency (RF) electromagnetic fields is used to optimize a variety of processes in environmental technology, namely soil remediation by soil vapor extraction or biodegradation, adsorptive-catalytic off-gas treatment, thermal regeneration of drying agents in biogas or natural gas treatment and decontamination and/or drying of brickwork.
Introduction
RF heating using frequencies in the MHz range has some unique advantages in comparison to the more-established microwave heating. Although the principle of direct energy input into the volume is similar, RF heating is applicable to homogeneously heat larger volumes in the cubic metre range due to the larger penetration depths of radio waves. Additionally, the heating mechanism is not strictly bound to the presence of water. Therefore, a variety of materials including dry substances can be efficiently heated. By using an electronic matching network (a so-called matchbox), energy reflection to the RF source can be avoided thus increasing energy efficiency of heating to more than 90 % (related to the applied RF energy).
Selectivity of dielectric radio-frequency heating
Beside the potential to homogeneously heat volumes in the technical scale, RF heating also allows selective heating in a macroscopic scale. In a mechanical mixture of two materials, e.g. two zeolites, one component may be preferentially heated thus establishing large and well defined temperature differences within one system (Fig. 1a) . Selective heating can also be achieved by introducing a coupling medium into a system. As a result, a moving temperature/water pulse, a so-called thermo-chromatographic pulse, can be realized in a packed-bed arrangement [1] . In Fig. 1b , an example is shown using zeolite NaY as packed bed material and water as coupling agent. This effect is based on the complex dependency of the energy absorption, characterized by the so-called dielectric loss factor (imaginary part of the complex dielectric constant), on the water content of this zeolite [2] . 
Applications

Thermally-enhanced soil remediation
In situ RF heating can be used to control the temperature in a contaminated soil. The resulting increase of vapor pressure and mobility of pollutants can be exploited to enhance the process of soil vapor extraction (SVE) via extraction wells simultaneously used as RF electrodes. Additionally, biodegradation can be thermally stimulated and chemical reactions for destruction of hazardous compounds may be initiated [3, 4] . In the example shown in Fig. 2 , thermally enhanced SVE was realized at an industrial site in London operated by our commercial partner Ecologia Environmental Solutions Ltd., Sittingbourne, UK. Meanwhile, this option was repeatedly demonstrated in the field scale utilizing a container-based system (13.56 MHz) with up to 30 kW RF power. At another site, a former petrol station in Kent, UK, the remediation time could be shortened by more than 80 % while keeping the total energy input practically
constant. This method is especially applicable for treatment of highly contaminated source areas, in particular where a fast remediation success has to be achieved. 
Adsorptive-catalytic off-gas cleaning
Zeolites are porous materials with a wide range of properties such as structure, pore size, polarity and adsorption capacity with respect to, e.g., organic compounds or water. They are used for various applications in adsorption technology and catalysis (as catalyst or support for catalytically active metals, as adsorber for volatile organic compounds [VOC] or as drying agent). In the context of gas cleaning or biogas and natural gas treatment, zeolite packed beds are used as adsorber and thermal regeneration can be carried out by RF heating very efficiently. Under certain conditions, the thermo-chromatographic pulse may be used for this purpose. In both cases, controlled heating can be realized independent of a carrier gas and without being limited by the low thermal conductivity of zeolite packings.
Decontamination and drying of brickwork
Direct RF heating is also a suitable tool for thermal treatment of buildings and building materials such as stone, concrete or wood. Again, homogeneous heating without destroying the material structure can be exploited in several applications such as drying of brickwork, sterilization of timber or removing contaminants from building materials. In the latter case, the elimination of pollutants with low volatility (e.g. fuel oil) can be supported by evaporation of pore water. The water vapour formed by RF heating acts as efficient transport medium for the thermally desorbed pollutants (stripping effect, see [5] ). Application of the RF method is especially interesting for historical buildings or for sensitive substances such as gypsum.
Summary
Dielectric heating using RF energy can be considered as a new interesting option for energy transfer relevant for several applications in environmental technology. Despite the use of high-grade electrical energy, it may compete with established technologies in various fields.
